Ashbya gossypii is a homothallic, flavinogenic, filamentous ascomycete that starts overproduction of riboflavin and fragments its mycelium quantitatively into spore producing sporangia at the end of a growth phase. Mating is not required for sporulation and the standard homothallic laboratory strain is a MATa strain. Here we show that ectopic expression of Saccharomyces cerevisiae MATa2 in A. gossypii completely suppresses sporulation, inhibits riboflavin overproduction and downregulates among others AgSOK2. AgSok2 belongs to a fungal-specific group of (APSES) transcription factors. Deletion of AgSOK2 strongly reduces riboflavin production and blocks sporulation. The initiator of meiosis, AgIME1, is a transcription factor essential for sporulation. We characterized the AgIME1 promoter region required for complementation of the Agime1 mutant. Reporter assays with AgIME1 promoter fragments fused to lacZ showed that AgSok2 does not control AgIME1 transcription. However, global transcriptome analysis identified two other essential regulators of sporulation, AgIME2 and AgNDT80, as potential targets of AgSok2. Our data suggest that sporulation and riboflavin production in A. gossypii are under mating type locus and nutritional control. Sok2, a target of the cAMP/protein kinase A pathway, serves as a central positive regulator to promote sporulation. This contrasts Saccharomyces cerevisiae where Sok2 is a repressor of IME1 transcription.
Introduction
Fungi are exposed to rapidly changing environmental conditions, which requires adaptive responses that govern cell growth and development (Gasch et al., 2000; Bahn et al., 2007) . Longer periods of nutrient limitation can be overcome by the production of spores. Generally, sporulation in fungi is controlled by mating type locus encoded transcriptional regulators while nutrient availability is signaled via the cyclic AMP-protein kinase A (PKA) pathway (Honigberg and Purnapatre, 2003; Haber 2012) .
In S. cerevisiae, haploid cells of either MATa or MATa mating type cannot initiate the sporulation program due to transcriptional repression of the initiator of meiosis, IME1, by the repressor of meiosis, RME1. On mating of a and a cells, diploid cells are generated which now harbor both mating type loci. Consequently, an a1/a2 heterodimer is formed that represses RME1 as well as a long non-coding RNA at the IME4 locus (Mitchell and Herskowitz, 1986; van Werven et al., 2012) . A second essential level of control for the onset of sporulation is signaling through the cAMPprotein kinase A pathway. Glucose availability is sensed through the membrane receptor Gpr1 and transduced via the G-protein Gpa2 to adenylate cyclase. Synthesis of cAMP activates protein kinase A (PKA) that phosphorylates downstream targets including Msn2 and Sok2 (Rubio-Teixeira et al., 2010) . On phosphorylation Sok2 inhibits the transcription of IME1 and thus acts as a repressor of sporulation in S. cerevisiae (Ward et al., 1995; Shenhar and Kassir, 2001; Kahana et al., 2010) . Consistent with this, deletion of SOK2 accelerates sporulation (Pan and Heitman, 2000) .
Sok2 belongs to a conserved class of fungal regulators, the APSES proteins (APSES: Asm-1, Phd1, Sok2, Efg1 and StuA) that are involved in morphogenesis and development. Asm-1 in Neurospora crassa is a positive regulator of ascospore maturation (Aramayo et al., 1996) . In S. cerevisiae, Phd1 activates pseudohyphal growth while its paralogue Sok2 represses filamentation (Gimeno and Fink, 1994; Ward et al., 1995) In Candida albicans, Efg1 regulates the yeast-to-hyphal transition and is thus critical for the virulence of this human fungal pathogen and in Aspergillus nidulans StuA is a repressor of AbaA and is required for conidiospore formation (Dutton et al., 1997; Doedt et al., 2004) .
Under nitrogen starvation and in the absence of a fermentable carbon source diploid S. cerevisiae cells undergo meiosis and sporulation to produce four-spore asci (Neiman, 2011) . This developmental program is executed in three major steps. The early stage includes the premeiotic S phase, the middle phase the meiotic divisions and the generation of spore cytoplasms, while the late stages after closing of the spore cell membranes include spore wall assembly. These events are directed by a set of transcription factors of which Ime1 is regarded as the master regulator inducing the early genes (Mitchell, 1994) . Expression of the middle genes is initiated by Ndt80, whose activation requires Ime2 (Shin et al., 2010) . Finally, the mitogen-activated protein (MAP) kinase Smk1 is required for the synthesis of the outer spore wall layers (Huang et al., 2005) .
A. gossypii is a fungal pathogen that can cause stigmatomycoses on cotton when spread by insects. Recently, several A. gossypii strains were isolated from milkweed bugs (Oncopeltus fasciatus) that fed on oleander (Nerium oleander) or on milkweed (Asclepias syriaca) (Dietrich et al., 2013) . A. gossypii belongs to the pre-Whole Genome Duplication (WGD) genus Eremothecium and is a filamentous fungus within otherwise yeast like members of the Saccharomycetacea (Kurtzman and Robnett, 2003) . The A. gossypii genome provided evidence for the WGD in Saccharomyces and shares 95% of its genes in large segments of syntenic gene order conservation with S. cerevisiae (Dietrich et al., 2004) . Comparative genomics with other Eremothecium species revealed, however, that A. gossypii harbors a highly rearranged genome Walther, 2011, 2014) . The occurrence of A. gossypii in a niche with plants and insects may have contributed to the evolution of several characteristic traits. A. gossypii is homothallic and a haploid uninucleate spore can generate a sporulating mycelium. In comparison to e.g. E. cymbalariae, another filamentous Eremothecium species, A. gossypii is a highly efficient sporulator that can convert all septate hyphal compartments into sporangia, while E. cymbalariae produces only single sporangia at the terminal parts of aerial hyphae. Additionally, the onset of sporulation in A. gossypii at the end of a growth phase is accompanied by the overproduction of riboflavin. The molecular mechanistic details of how both processes are regulated and interconnected are still poorly understood. The genome of the type strain (ATCC10895) contains four mating type loci, albeit all encoding MATa. Recently, wild type isolates of A.
gossypii were shown to harbor one MATa locus at the subtelomeric region of the right arm of chromosome VI (Dietrich et al., 2013) . These other isolates do not differ in their sporulation behaviour from the MATa strain ATCC10895, which indicates that mating type switching and mating type heterozygosity are not required for sporulation in A. gossypii. Additionally, regulation of sporulation in Eremothecium species is different from Saccharomyces as members of this genus lack RME1 (Dietrich et al., 2004; Wasserstrom et al., 2013; Wendland and Walther, 2014) . A variant of homothallism has been described as unisexual reproduction in Cryptococcus neoformans (Roach and Heitman, 2014) . Unisexual reproduction and sporulation in A. gossypii apparently do not require mating as deletion of both pheromone receptor genes, STE2 and STE3, did not block development and sporulation. Rather the opposite was observed since deletion of STE12 or of members of the upstream MAP-kinase cascade led to increased sporulation. The ensuing analysis of key sporulation genes, including IME1, IME2, KAR4 and NDT80, revealed that genes downregulated in mutant strains of these genes were upregulated in a STE12 mutant Wasserstrom et al., 2013) . The A. gossypii genome encodes about 500 sporulation specific genes. Expression of most of these genes is repressed by cAMP through the protein A kinase Tpk2 (Wasserstrom et al., 2015) .
In this report, we investigate the consequences of ectopic MATa2 expression using the conserved S. cerevisiae MATa2 gene (referred to as a2 in the text). Transcriptomics identified SOK2 as one of the targets of a2. A. gossypii strains either overexpressing a2 or bearing a deletion of SOK2 are unable to sporulate and to overproduce riboflavin. Promoter analyses of IME1 suggest that Sok2 is not controlling the expression of IME1, but rather acts as a transcriptional activator of IME2 and NDT80. Our data reveal how single transcriptional regulators can activate/repress both sporulation and riboflavin production in A. gossypii.
Results
Overexpression of MATa2 completely blocks sporulation in A. gossypii
The laboratory strains of A. gossypii that have been used over the last 30 years for molecular biology studies are derivatives of ATCC10895. This strain is homothallic, has been sequenced and was originally shown to harbor three mating type cassettes of MATa on different chromosomes (Dietrich et al., 2004) . Resequencing added more sequence information at telomeric ends and identified a fourth mating type cassette, however, also encoding MATa (Dietrich et al., 2013) . The absence of an a mating type in this A. gossypii strain and the obvious dispensability of an a1/a2 heterodimer to undergo sporulation prompted us to study any effect ectopic expression of a2 would have in A. gossypii. To this end we introduced a plasmid carrying the a2 ORF of S. cerevisiae under the control of the AgTEF1 promoter into the ATCC10895-derived leu2 strain, which we describe simply as a2 strain (Fig. 1A and B) . Previously, it was shown that both S. cerevisiae and A. gossypii a2 can bind to conserved cis-regulatory elements of STE2 promoters to effect gene repression in a conserved way (Baker et al., 2012) . Strikingly, expression of a2 completely abrogated sporulation in A. gossypii, while at the same time not affecting radial hyphal growth. We validated the sporulation deficiency in another A. gossypii isolate (CBS 102347) and obtained the same result. Additionally, the a2 strain generated white mycelia indicating the absence of riboflavin overproduction ( Fig. 1C and D) .
This finding led us to investigate if a2 inhibits the expression of a sporulation specific gene. CTS2 encodes a chitinase, which is expressed in the center of a growing colony where older mycelium starts to sporulate. We used a CTS2-lacZ reporter gene construct to monitor CTS2 expression at the colony level. In the wild type, both sporulation and CTS2 expression can be observed. In the a2 strain, however, sporulation is blocked which also includes inhibition of reporter gene expression (Fig. 2) .
Gene expression profiling of an a2 overexpressing strain Based on our phenotypic analysis we conclude that the role of a2 is apparently specific and confined to the regulation of sporulation and riboflavin biosynthesis in A. gossypii. To study the global consequences of a2 overexpression we performed RNAseq analyses of strains grown in full medium or in sporulation inducing minimal medium and compared the data with the wild type (for the complete data sets of all transcript profiles see Supporting Information Table S1 ). During growth in full medium 80 genes were found to be upregulated more than 10-fold in the a2 strain. A GO-term analysis identified genes with chaperone functions as a substantial part of this list, including HSP10, HSP12, HSP26, HSP78, HSP90 and HSP104. The set of 15 genes involved in protein folding made up 80% of the reads of these 80 genes suggesting that overexpression of a2 generates some protein folding stress, which however does apparently not reduce the radial growth rate of the strain (Supporting Information Table S2 ).
The induction of chaperones is a general response to a2 overexpression as these genes were also upregulated under sporulation inducing conditions. Conversely, there are only some 30 genes that are downregulated at least threefold when a2 is overexpressed. Most of these genes are involved in transferase activities or in amino acid biosynthesis (Supporting Information Table S3 ).
Under sporulation inducing conditions the group of downregulated genes in the a2 strain matched a set of 250 sporulation specific genes of the wild type that are also repressed when a high level of exogenous cAMP is applied (Fig. 3) . When using CTS2-downregulation (fourfold) as a cut off for genes downregulated by a2, we identified 394 genes. In this gene set only about 10% of the genes were not found in the wild type sporulation gene set as previously defined (Wasserstrom et al., 2015) . The most striking of these genes was SOK2, which was 13-fold downregulated in the a2 strain, while it is mildly upregulated (4.5-fold) in the wild type during sporulation and was, therefore, not included in the sporulation gene set of genes upregulated more than 53 under sporulation inducing conditions. SOK2 encodes an APSES protein whose Neurospora and Aspergillus homologs, Asm-1 and StuA are required for ascospore and conidiospore maturation respectively (Chung et al., 2015) . In S. cerevisiae Sok2 plays a regulatory role downstream of the cAMP-dependent protein kinase A pathway and is a repressor of IME1. In our previous work we defined a central role of cAMP-signaling and the Tpk2 protein kinase A for sporulation in A. gossypii (Wasserstrom et al., 2015) . Therefore, we decided to study the role of SOK2 for sporulation in A. gossypii.
Deletion of SOK2 blocks sporulation and inhibits riboflavin overproduction
Deletion of SOK2 has only a slight effect on radial growth at different temperatures tested ( Fig. 4A and B ). More importantly, deletion of SOK2 abolishes sporulation completely indicating a significant role of Sok2 in the regulation of sporulation downstream of Tpk2 (Fig. 4C) . Strikingly, deletion of SOK2 has a strong negative effect on riboflavin production (Fig. 4D) . In S. cerevisiae Sok2 has been described as a repressor for pseudohyphal growth and by binding to IREu within the IME1 promoter as a repressor of IME1 transcription (Ward et al., 1995; Kahana et al., 2010) . Previously, we have shown that IME1 is essential for sporulation in A. gossypii. To dissect the promoter regions required for IME1 activity we employed successive deletions at the 5'-end of the IME1 promoter and used these constructs to complement the sporulation defect of an ime1 strain.
IME1 promoter analyses
The intergenic region between IME1 and the upstream ribosomal protein encoding gene RPL43 is only 705 bp contrasting the very long ScIME1 promoter (> 2.1 kb). Plasmid encoded IME1 with the full-length intergenic region complements the sporulation defect of an ime1 strain (Fig. 5) . Successive truncations from the 5'-end of the IME1 promoter identified a region of 491 bp upstream of the IME1-ORF to be required for complementation of the ime1 mutant phenotype (Fig. 5) . The expression levels generated by these promoter fragments were quantified with b-galactosidase reporter assays (Fig. 5) . To discern any influence of the Msn2 and Sok2 transcription factors on IME1 expression these reporter genes constructs were also transformed into the msn2 and sok2 mutant strains. However, expression of IME1 was not drastically affected in these mutants suggesting that there may not be a direct positive or negative regulation of IME1 transcription by Msn2 or Sok2.
Transcriptional profiling of sok2 under sporulation conditions
In S. cerevisiae, Sok2 is a repressor of sporulation (in the presence of glucose) and diploid sok2 cells show accelerated sporulation (Pan and Heitman, 2000) . Similarly, overexpression of ScIME1 drastically improves sporulation efficiency of S. cerevisiae strains, e.g. of BY4743 (our own unpublished results). This reiterates the notion that regulation of IME1 expression is a key event in S. cerevisiae sporulation. However, while overexpression of ScIME1 has no growth phenotype in S. cerevisiae, overexpression of plasmid-borne AgIME1 in A. gossypii is detrimental to cell growth and gives rise to small irregularly growing mycelia (Supporting Information Fig. S1 ). The presented evidence that in A. gossypii deletion of SOK2 completely blocks sporulation and that Sok2 apparently does not repress IME1 transcription is Comparison of radial growth rates of the ATCC10985, leu2 strain (SOK2) and the sok2 derivative thereof at the indicated temperatures. Plates were treated as described for Fig. 1. ( SOK2 promotes sporulation in A. gossypii 953 not in accordance with a role of Sok2 as a repressor for sporulation. To identify potential target genes of Sok2 during sporulation we utilized gene expression profiling. Interestingly, we could identify only three genes that were more than fivefold upregulated in sok2 compared to wild type (AAR030W/YPR124W encoding the high affinity copper transporter Ctr1, AAR080W/YCL038C encoding the vacuolar amino acid exporter Atg22 in S. cerevisiae and ABR248W/YIR035C encoding an uncharacterized ORF). If Sok2 acted as a repressor, we would expect that deletion of SOK2 derepressed a much larger number of genes. Conversely, the set of genes that was found to be more than threefold downregulated in the sok2 mutant compared to the wild type during sporulation was rather large and encompassed 362 genes. As with the a2 data set also the downregulated gene set of sok2 contained >250 sporulation specific genes. Interestingly, this data set showed an almost 90% overlap with the cAMP repressed gene set (see Supporting Information Table S4 ). Several of the genes identified bear no homology to S. cerevisiae genes. Blast searches with other databases revealed matches of these NOHBYs (for no homolog in baker's yeast) with other fungal genes (see Supporting Information Table  S5 ). Several interesting genes were identified, e.g. AEL092W, which has similarity with a Rho-protein Guanine nucleotide Exchange Factor and ACR085C, which bears a WD40 domain both with similarity to Kluyveromyces proteins.
To reveal the direct targets of a2 and SOK2 we extracted the data for the known key sporulation specific genes and the riboflavin biosynthesis genes from the gene expression data sets (Table 1) . From these data, the following observations can be made regarding sporulation control in A. gossypii: (i) the overexpression of a2 results in increased transcription of NDT80. Ndt80 is The intergenic region between the divergently transcribed ORFs RPL43 and IME1 was used as a starting point for 5'-truncations of the IME1 promoter. The resulting constructs were transformed in an ime1 strain and assayed for their ability to complement the sporulation defect of the respective strain. Representative images are shown to illustrate the outcome. For the reporter gene assays the different IME1 promoter truncations were fused to the lacZ reporter gene and the expression level was assayed quantitatively. The leu2 strain represents the wild type expression levels which were compared to the levels achieved in the msn2 and sok2 mutants. essential for sporulation downstream of Ime1 and Ime2, but such an apparent upregulation was not sufficient to induce sporulation. (ii) In sporulation inducing conditions a striking downregulation of three essential sporulation genes, SOK2, IME1 and IME2 is found in the a2 strain suggesting that a2 negatively regulates sporulation by simultaneously repressing these three genes. (iii) Deletion of SOK2 abolishes sporulation apparently via downregulation of IME2 and NDT80, but not via regulating IME1. This lack of IME1 downregulation in sok2 is consistent with our promoter analysis of IME1. Furthermore, we validated the reduced expression of IME2 in sok2 by RT-PCR (Supporting Information Fig. S2 ). These data and our previous results are summarized into a current model of transcriptional regulation of sporulation in A. gossypii (Fig. 6, see discussion) .
Interconnection of sporulation and riboflavin production
Riboflavin overproduction in A. gossypii occurs only in the late growth phase. Previously, it was shown that exogenous cAMP addition to A. gossypii cultures blocks riboflavin overexpression and results in white mycelia (Stahmann et al., 2001) . The finding that cAMP addition also blocks sporulation provided a clear link between both processes. By disentangling both processes an increase in riboflavin production may be achieved. Here we analyzed the ime1, msn2 and sok2 and found that deletion of ime1 indeed provides an increase in riboflavin production that is concomitant with the upregulation of riboflavin biosynthesis genes as evidenced by expression profiling and RIB-promoter lacZ assays (Fig. 7) .
The influence of MSN2 and SOK2 on riboflavin production is less clear as the expression of the RIB-genes is not significantly affected. However, in the a2 strain RIB3 and RIB5 are strongly downregulated based on the RNAseq data.
Discussion
Key developmental decisions during fungal development are mating and sporulation. These processes have been studied in great detail in Saccharomyces cerevisiae among several other fungal model systems (Ni et al., 2011; Nieuwenhuis and James, 2016) . In S. cerevisiae, mating and meiotic spore development are separated in time. Haploid cells of opposite mating type undergo cell fusion governed by a pheromone response signal transduction cascade, then these diploid S. cerevisiae cells proliferate and eventually sporulate under nutrient limited conditions (Merlini et al., 2013) . In other fungal species, e.g. Schizosaccharomyces pombe or Candida lusitaniae, mating and sporulation are tightly coupled processes and occur in direct succession. These species proliferate in the haploid form and have only a transitory diploid stage (Sherwood et al., 2014) . A. gossypii provides a unique case within the Saccharomycetes: it is a filamentous fungus with multinucleate hyphal compartments that develop into sporangia under nutrient limited conditions to produce haploid spores (Wendland and Walther, 2005; Schmitz and Philippsen, 2011) . The euploid state of A. gossypii nuclei is apparently haploid. Yet, nuclear division cycles within multinucleate hyphal compartments are independent and not synchronized (Gladfelter et al., 2006) . Surprisingly, apparent ploidy variations have been identified between nuclei of mature mycelia (Anderson et al., 2015) . These observations SOK2 promotes sporulation in A. gossypii 955 add to the current uncertainty whether A. gossypii generates its spores via meiotic or asexual mechanisms. Mating is apparently not required in A. gossypii in preparation for sporulation as ste2/ste3 mutants devoid of pheromone receptors are still able to sporulate and deletion of e.g. STE12 results in hypersporulation (Wasserstrom et al., 2013) . How the multinucleate compartments generate spores is currently not known. Several genes required for meiosis in S. cerevisiae are conserved in A. gossypii. This includes KAR3 and KAR4. While deletion of either KAR3 or KAR4 does not grossly impair radial growth, it abolishes sporulation in kar4 and severely cripples sporulation in kar3 (Wasserstrom et al., 2013). In S. cerevisiae, Kar3 participates in chromosome segregation during mitosis, but plays an essential role for nuclear congression in karyogamy during mating (Gibeaux et al., 2013) . It has been hypothesized that these diverse mechanisms add to the adaptive fitness of A. gossypii to survive in its niche between plant host and insect vector (Dietrich et al., 2013; Anderson et al., 2015) .
To avoid accumulating deleterious mutations in a haploid line, also known as Muller's ratchet, several species have developed unisexual reproduction (Roach and Heitman, 2014) . In Cryptococcus neoformans, for example, cells of the same mating type may fuse and generate haploid spores by meiosis (Lin et al., 2005) .
The role of a2 as a repressor protein is evolutionary conserved and predates the divergence of the Saccharomyces and Eremothecium lineages. It includes conservation of cis-regulatory regions and protein-protein interactions with Mcm1 (Baker et al., 2012) . Overexpression of a2 blocks sporulation in S. cerevisiae (Laney and Hochstrasser, 2003) . We found this trait to be conserved in a specific manner in A. gossypii, however, we do not rule out other species-specific functions for a2. Gene expression profiling of an a2 overexpressing strain in A. gossypii indicated a wholesale downregulation of the sporulation gene set, including the central regulators IME1 and IME2. Yet, with SOK2 also a novel regulator of A. gossypii sporulation was identified in this study that was > 103 downregulated in the a2 strain. Sok2 belongs to a conserved group of fungal specific developmental regulators involved in sporulation, morphogenesis and secondary metabolism (Zhao et al., 2015 and references therein) .
In S. cerevisiae, Sok2 was identified as a negative regulator of pseudohyphal growth downstream of the cAMP-dependent protein kinase A (PKA) (Ward et al., 1995; Pan and Heitman, 1999) . ScSok2 is a repressor of sporulation by directly inhibiting IME1 transcription. Consistently, overexpression of SOK2 leads to reduced sporulation while deletion of SOK2 increases sporulation (Pan and Heitman, 2000; Shenhar and Kassir, 2001 ). In contrast deletion of SOK2 in A. gossypii clearly abolishes sporulation. Thus, Sok2 in A. gossypii is an essential positive regulator of sporulation. S. cerevisiae harbors a paralogue of SOK2, encoded by PHD1, which may, however, not be involved in sporulation. Pseudohyphal growth is regulated in a negative manner by ScSok2 but enhanced by Phd1 (Gimeno and Fink, 1994; Ward et al., 1995) . In a comparable manner morphogenesis in Candida albicans is regulated by APSES proteins. Here, Efg1 serves as a negative regulator and Efh1 as an activator of gene expression downstream of PKA (Doedt et al., 2004) .
The current overview of sporulation control in A. gossypiiis shown in Fig. 7 . Nutrient regulation via cAMP-PKA provides the dominant input as supplementing sporulation media with cAMP blocks sporulation. Our data are consistent with AgSok2 being a central activator of sporulation downstream of PKA, particularly Tpk2, whose deletion was previously shown to generate cAMP blind mutants (Wasserstrom et al., 2015) . Gene expression profiling of sok2 indicated that IME2 and NDT80 are key target genes. STE12 deletion results in a hypersporulation phenotype encompassing wider areas of a colony. IME2 may be a target gene for Ste12 repression as IME2 is slightly upregulated in a ste12 strain. This suggests a redefinition of the mating pheromone response pathway for sporulation regulation instead of mating in A. gossypii. Expression of IME2 via the A. gossypii ACT1 promoter did not suppress the sporulation defect of a sok2 strain while it complemented the ime2 deletion mutant (our unpublished results). Thus, genome wide chromatin immune-precipitation experiments (ChIP-seq) shall clarify the direct target genes of SOK2 and STE12 as well as a2.
Interestingly, Sok2 regulates not only sporulation but also riboflavin production. It was previously shown that exogenous addition of cAMP has a similar effect on both processes (Stahmann et al., 2001) . This suggests that Sok2 is the regulator that conveys PKA signaling to downstream targets and that both processes could potentially be separated allowing for a further increase in riboflavin production. With the ime1 deletion strain we found a non sporulating strain that produced more riboflavin than the parental strain. The finding that riboflavin production is reduced in the a2 strain and the RIB3 and RIB5 genes downregulated, suggests that loss of MATa may have improved riboflavin production and that this strain was thus selected as a riboflavin overproducing strain.
Collectively, our data reveal similarities and discrepancies in the regulation of sporulation between A. gossypii and S. cerevisiae. This includes a conserved role of the a2 repressor and a key role for transcriptional regulation of IME1 in the developmental programs of both species.
In S. cerevisiae, IME1 is regulated by multiple signal transduction pathways. AgIME1 expression is upregulated during sporulation but the mechanism has not yet been identified. Interestingly, overexpression of IME1 generated a strong growth defect in A. gossypii while in S. cerevisiae it is well tolerated. Conversely, several pathways converge on the regulation of IME2 in A. gossypii. This includes the cAMP-PKA pathway but also the pheromone/starvation MAP-kinase pathways. We identified Sok2 as an essential activator of sporulation, which is different from the role of Sok2 in S. cerevisiae. Streamlining sporulation control based on cAMP signaling may have been evolutionary advantageous for A. gossypii to sustain its position within its insect host.
Experimental procedures
Strains and media A. gossypii is grown in AFM containing 1% yeast extract, 1% peptone, 2% glucose at 308C. For selection of transformants G418/geneticin (200 lg/ml) or clonNAT (100 lg/ ml) was added. For sporulation, an A. gossypii culture was pre-grown in AFM and then transferred to minimal medium (1.7 g/l Yeast Nitrogen Base w/o ammonium sulfate and w/ o amino acids, 0.69 g/l CSM (Formedium, UK), 20 g/l glucose, 2 g/l asparagine and 1 g/l myo-inositol) for up to 5 days. The A. gossypii strains used were either CBS102347, ATCC10895 or derivatives thereof. Genetic alterations were validated in at least two independent transformants. The indicated strains were further manipulated by transforming them with freely replicating plasmids (described below). Escherichia coli strain DH5a was used as host for plasmid propagation and grown at 378C with ampicillin (100 lg/ml).
Transformation of A. gossypii
A. gossypii strains were transformed by electroporation as described previously (Wendland et al., 2000) . For deletion of SOK2 cassettes were amplified from pFA-GEN3 with gene specific S1-and S2-primers bearing short flanking homology regions sufficient to induce homologous recombination in A. gossypii. Verification of correct integration was done using diagnostic PCR. Additionally, the absence of the target gene ORF in homokaryotic deletion strains was also checked by PCR. The ime1 and msn2 mutants were generated previously (Wasserstrom et al., 2013 (Wasserstrom et al., , 2015 . Primer sequences will be made available on request.
Plasmid constructs
Freely replicating plasmids were transformed into A. gossypii strains either for complementation, overexpression or promoter characterization experiments. Overexpression of MATa2: The A. gossypii -S. cerevisiae shuttle vector pRS417-AgTEFp-lacZ (#651) was used, which bears an ARS element and GEN3 as selectable marker (D€ unkler and Wendland, 2007) . The S. cerevisiae MATa2 ORF with its terminator was amplified from genomic DNA with primers carrying terminal restriction sites and cloned into XhoI/ BamHI replacing the lacZ reporter, generating plasmid TEFp-MATa2, C139. Additionally, plasmids pRS415-kanMX4 (plasmid #150) and pRS-CTS2-lacZ, in which lacZ is under control of the sporulation specific CTS2 promoter (#656, D€ unkler et al., 2008) , were used. To combine the CTS2-lacZ reporter with TEF1p-MATa2 on a single plasmid, the TEF1p-MATa2 gene was amplified from C139 and cloned into #656 using the unique NotI/SacII restriction sites, generating plasmid C145.
IME1 promoter analysis. The parental plasmid pRS418-AgTEFp-AgIME1, which carries a clonNAT resistance marker and the IME1 gene under control of the TEF1 promoter, was used. IME1-promoter fragments of different lengths (705 bp, 644 bp, 544 bp, 491 bp, 468 bp, 344 bp and 238 bp), were cloned upstream of the IME1 ORF in exchange of the TEF1-promoter using KpnI/XhoI restriction sites. This generated plasmids C954, C955, C956, C970, C957, C958 and C959 respectively.
IME1 promoter-lacZ constructs. For the quantification of the activity of the different IME1 promoter fragments, plasmids C954-C959 and C970 were used. In these plasmids, the IME1 ORF was exchanged with lacZ generating plasmids C980, C993, C981, C998, C982, C994 and C995 respectively.
To quantify promoter activity of riboflavin biosynthesis we used the pRS418-based RIB-promoter-lacZ plasmids containing RIB1-lacZ (C93), RIB3-lacZ (C94), RIB4-lacZ (C118) and RIB5-lacZ (C95) (Walther and Wendland, 2012) .
Microscopy and staining procedures
A Zeiss AxioImager M1 was used and images were acquired using a Coolsnap HQ camera and Metamorph 7 software. To visualize lacZ expression, A. gossypii colonies were grown on AFM plates for 5 days at 308C and then overlayed with an X-gal layer. Plates were incubated for 4 h and then imaged.
RNA-isolation -reverse transcriptase PCR (RT-PCR)
Sporulating cultures were harvested and RNA was purified using the RiboPure-Yeast kit (Life Technologies) as described (Wasserstrom et al., 2013) . DNAse treated RNA was used for cDNA synthesis (Reverse transcriptase kit, Sigma STR1-1KT). Synthesis of cDNA was controlled with the intron-containing PRF1 gene. Two independent homokaryotic strains were used for each experiment.
RNA-seq analysis
Illumina HiSeq 2000 was used as described previously (Wasserstrom et al., 2013 (Wasserstrom et al., , 2015 . Total RNA was used and filtered to remove rRNAs and tRNAs using RiboPicker 0.4.3. SOK2 promotes sporulation in A. gossypii 957 (http://ribopicker.sourceforge.net/). Alignments were generated by TopHat 2.0.4 (http://tophat.cbcb.umd.edu/) and read counts with htseq-count. For differential expression analysis edgeR, DESeq and cufflinks/cuffdiff were used and the false discovery rate tested by the Benjamini-Hochberg false discovery rate (FDR) method. RNAseq analysis was performed by LGC Genomics (Berlin, Germany).
ß-galactosidase assay
A. gossypii mycelia grown in 20 ml sporulation media were vacuum filtrated and 0.3 g mycelium was re-suspended in 1 ml cell disruption buffer (100 mM TRIS pH 7.4, 20% glycerol, 1 mM DTT, 1 mM PMSF) containing 250 ll silica beads (RiboPure TM Yeast Kit from Life Technologies). The mycelia were disrupted for 10 min attached horizontally to a vortex and set on maximum speed. The supernatant was collected after centrifugation and used for measuring ß-galactosidase activity. Protein concentrations in the supernatants were determined using BioRad reagents (Cat. No. 500-0205) (Bradford, 1976; Rose et al., 1981) . To measure the enzyme activity, 100 ll protein solution containing 1.0-1.2 mg protein/ml were added to 150 ll ONPG solution (4 mg/ml ONPG in Z buffer; 60 mM Na 2 HPO 4 32H 2 O, 40 mM NaH 2 HPO 4 32H 2 O, 10 mM KCl, 1 mM MgSO 4 37H 2 O) and incubated at 378 for 30 min. The reaction was stopped by adding 400 ll 1M Na 2 CO 3 followed by measuring the OD 420 . Enzyme activity was calculated using the equation: a [nmol/min 3 mg] 5 (OD 420 30.65) / (0.0045 3 c protein [mg/ml] 3 V extract [ml] 3 t reaction [min] ). The factor 0.65 is a correction factor for the reaction volume, the factor 0.0045 equates to the optical density of 1 nmol/ml o-nitrophenol, c protein is the protein concentration of the sample, V extract means the extract volume used for the assay and t reaction shows the enzyme reaction time with the substrate (Rupp, 2002) .
Riboflavin measurements
Two homokaryons from each A. gossypii deletion strain were grown in 20 ml sporulation media supplemented with clonNAT (50 lg/ml). Two ml samples were removed after 1, 2 and 3 days each, spun down and 1 ml of the supernatant was collected. To the 1 ml remaining sample, 0.5 ml sporulation media was added together with silica beads and the mycelia was disrupted by shaking horizontally for 30 min after which the supernatant was collected. The riboflavin concentration was measured in both the supernatant and the disrupted mycelia using microtiter plates (black cliniplate 96 well, ThermoScientific, Cat. No. 9502867) in a total volume of 300 ll per sample. Each sample was divided in six aliquots of 50 ll. Four of the aliquots were spiked with 0, 10, 20 or 30 ll of a defined riboflavin stock solution to generate a calibration curve that was used to calculate the riboflavin concentration (Duyvis et al., 2002) . The remaining two aliquots were quenched with 10 ll of riboflavin binding protein (apo-RfBP: 5 mg/ml) to obtain the background fluorescence intensity in each sample. To each of the six aliquots, 50 mM sodium phosphate buffer pH 7.0 was added to a total volume of 300 ll in each well. The background fluorescence of each sample, F buffer1sample1RfBP , obtained by addition of RfBP was subtracted from the samples. The final concentration of riboflavin in each sample (R sample ) was calculated using the equation: R sample 5 D 3 [(F buffer1sample -F buffer1sample1RfBP )/S]; where D is the dilution factor of the sample, F buffer1sample is the fluorescence of the diluted sample and S indicates the slope of the calibration curve. Fluorescence of riboflavin (excitation 450 nm, emission 525 nm) was measured with an Infinity M1000 spectrophotometer (Tecan Austria).
Riboflavin was obtained from Sigma and a stock solution of 200 lM was stored in the dark and used for microtiter plate measurements. Riboflavin concentration of the stock solution was measured prior to each experiment (E450 5 12.200 3 M 21 cm 21 ). Apo-riboflavin binding protein (RfBP) was obtained from Sigma (R-8628) and stock solutions of 5 mg/ml (in water) were stored at 2208. The concentration of the RfBP solutions was determined from the absorbance at 280 nm (E280 5 49.000 3 M 21 cm 21 ).
